Background
Methods
Bronchial biopsies from 114 patients with mild-to-moderate asthma were investigated: 33 nonatopic, 63 non-corticosteroid users, 90 nonsmokers. IL-17 expression was correlated with atopy and inflammatory cell counts (EPX, NP57, CD3, CD4, CD8, CD20, CD68), taking ICS use and smoking into account. Multiple linear regression analyses were used to determine the independent factors as well as the most relevant inflammatory cells contributing to IL-17 expression. Double immunostainings were performed to confirm the major cellular source of IL-17.
Results
In non-ICS users, nonatopic asthmatics had more + cells in the airway wall than atopic 
Introduction
Asthma is a chronic inflammatory disease of the airways, characterized by reversible airway obstruction and bronchial hyperresponsiveness (BHR) [1] . One of the oldest ways to discern asthmatic patients is based on the presence or absence of atopy [2] . Not surprisingly, the underlying airway pathology of atopic versus nonatopic asthma is different, showing high numbers of eosinophils, T lymphocytes and Th2 cytokines (interleukin (IL)-4 and IL-5) in atopic asthma versus high numbers of neutrophils and non-Th2 cytokines (IL-8) in nonatopic asthma [3] . One of the cytokines that was recently suggested to contribute to the pathogenesis of nonatopic (non-eosinophil/neutrophil-dominant) asthma is IL-17 [4] . IL-17, also called IL-17A, is a proinflammatory cytokine, implicated in the development of autoimmunity, tumorigenesis and host defenses against bacterial and fungal infections [5] . In the lung, increased levels of IL-17 have been demonstrated in inflammatory disorders like asthma and chronic obstructive pulmonary disease (COPD) [6] [7] [8] [9] [10] . IL-17 was first shown to be produced by activated CD4 + memory T cells [11] . Thereafter, a specific subset of Th cells, namely the Th17 cells, has been put forward as its main producer [12, 13] . Th17 cells have been shown to mediate airway inflammation and hyperresponsiveness associated with noneosinophilic asthma in mice, and importantly do not respond well to glucocorticoid treatment [14] . In humans, Th17 cells have also been suggested to play a role in regulating a neutrophil and macrophage dominant type of inflammation in the lung, particularly in severe, steroidinsensitive asthma and COPD [6] . In line with this, IL-17 levels were found to correlate positively with sputum neutrophilia in severe asthma [7, 15] . On the other hand, IL-17 has also been implicated in Th2 responses. In mouse models of asthma, Th17 cells were shown to home to the lung and enhance not only neutrophilic airway inflammation but also Th2 cell-mediated eosinophilic airway inflammation [16] . And in patients with allergic asthma increased levels of IL-17 were demonstrated after a challenge with house dust mite [17] .
Although there has been substantial interest in elucidating the role of IL-17 in neutrophil-dominant/nonatopic asthma in humans [4, 18] , our understanding regarding this phenotype of asthma is still very limited. Although recent studies suggest that a higher level of IL-17 expression is associated with severe asthma, the atopic status was not included in their analysis [19] [20] [21] [22] . In fact, there is no data comparing IL-17 expression between atopic and nonatopic asthma patients. We therefore investigated the expression of IL-17 in bronchial biopsies from a large cohort of well characterized atopic and nonatopic asthmatic patients, also taking into account the effect of inhaled corticosteroid (ICS) and smoking. Additionally, we identified the major cellular source of IL-17 in the airway walls of these asthma patients. We investigated 114 stable, mild-to-moderate subjects with current asthma from our large asthma cohorts that were recruited previously by our research group in the University Medical Center Groningen [23] . Atopic and nonatopic patients, with or without ICS use, aged between 19-71 years were included ( Table 1 ). All patients had a doctor's diagnosis of asthma and demonstrated reversibility and BHR to histamine and/or adenosine 5'-monophosphate (AMP) [23] . All patients also had alveolar and bronchial exhaled nitric oxide (NO) values on the Aerocrine NO system (Niox; Aerocrine AB, Stockholm, Sweden) measured in accordance with international guidelines as described in an earlier study [23] . Atopic status was determined by Phadiatop for all 114 patients using the ImmunoCap system (Phadia AB, Uppsala, Sweden), and expressed as ratios (fluorescence of the serum of interest divided by the fluorescence of a control serum). A positive Phadiatop was defined as patient serum/control serum >1. The Medical Ethics Committee of the University Medical Center Groningen approved the study protocol and all subjects gave written informed consent.
Immunohistochemical staining and cellular quantification of bronchial biopsies
Paraffin embedded bronchial biopsies were cut into 3-μm-thick sections. Sections were deparaffinized and, after antigen retrieval, incubated with appropriate polyclonal antibodies against IL-17 (R&D Systems, polyclonal Goat anti-Human, AF-317-NA), using the DAKO autostainer in three consecutive runs. The slides were included in random fashion in each run to avoid group wise staining (19) . The number of positive cells was counted by a blinded observer in the submucosal area 100 μm under the basement membrane in the biopsy sample (19) 
Statistics
All analyses were performed using SPSS software (version 19.0; SPSS Inc., Chicago, IL). Normality of distributions was assessed using histograms and/or p-p plots. For quantitative variables analysis, one-way ANOVA followed by Tukey post-hoc test was performed for multiple comparisons and t tests or Mann-Whitney U tests was used for two samples comparison.
Chi-square tests were used to compare groups for dichotomous variables. Correlations were evaluated by Pearson (for normally distributed data) or Spearman (for non-normally distributed data) tests. Multiple linear regression analysis was used to assess the independent contribution of ICS use (yes/no), smoking (smoking vs. nonsmoking) and Phadiatop (atopic vs. nonatopic) to IL-17 expression (dependent variable). To find the most relevant inflammatory cells contributing to IL-17 expression, additional linear regressions were performed on inflammatory markers (neutrophil, eosinophil, T-cell, macrophage, mast cell) as independent variables (separately for each one or in combination with other inflammatory cells) and IL-17 as dependent variable, adjusting for atopy, smoking status and ICS use. For all statistical analyses, p values <0.05 were considered statistically significant.
Results

Inflammatory cells counts in blood, sputum and bronchial biopsies
In the group of asthma patients who did not use ICS, there were trends towards lower blood eosinophil counts (p = 0.08) and lower percentage of sputum eosinophils (p = 0.06) in nonatopic asthma patients compared to atopic patients (Table 2 ). In addition, nonatopic patients had more neutrophils in the bronchial submucosa than atopic patients, whereas the atopic asthmatics had more eosinophils (Table 2 ). In the group of patients who did use ICS, the nonatopic individuals had more CD8 + cells in the bronchial submucosa than the atopic ones (Table 2) .
Lower IL-17 expression in bronchial biopsies associated with atopy and ICS use
In the group of non-ICS users, there were significantly more IL-17 + cells in the bronchial submucosa of nonatopic asthmatics compared to atopic ones (Fig 1) . In line with this finding, a negative correlation was found between IL-17 + cells numbers and the Phadiatop score (r s = -0.37, p<0.001) (Fig 2) . Both atopic and nonatopic asthma patients treated with ICS had lower numbers of IL-17 + cells than those without ICS treatment (Fig 1) . There were 9 subjects in the atopic group and 5 subjects in the nonatopic group who used high doses of ICS (>1000ug daily) ( Table 1 ). There was no association between doses of ICS (high doses vs. mild-moderate doses) and cellular infiltrate.
There was a significant negative correlation between IL-17 + cells numbers and reversibility levels in the total population who did not use ICS (both atopic and nonatopic subjects) (r s = -0.33; p = 0.01) (S1A Fig) in line with a negative correlation between neutrophils levels and reversibility levels in the total population who used ICS (both atopic and nonatopic subjects) (r s = -0.27; p = 0.04). There was also a negative correlation between FEV 1 % predicted and IL-17 + cells numbers in the atopic individuals who did not use ICS (r s = -0.39; p = 0.01)(S1B Fig). There was no association between current smoking and IL-17 levels (S2 Fig) and current smoking had no effect on IL-17 counts in all groups of asthmatics.
Using regression analyses, we demonstrated that the absence of atopy (B: -2.42, 95% CI: -4.16--0.69) and non-ICS use (B: -4.29, 95% CI: -5.85--2.74) most strongly contributed to the 
IL-17 expression positively associated with neutrophilic inflammation
The number of IL-17 + cells in airway wall biopsies correlated significantly with the number of neutrophils, both in atopic (r s = 0.44; p<0.001) and nonatopic asthmatics (r s = 0.45; p = 0.009) (Fig 3A) , and both in ICS users (r s = 0.35; p = 0.01) and non-ICS users ((r s = 0.48; p<0.0001) (Fig 3B) . We found that the majority (~90%) of IL-17 + cells were granulocytes, mostly neutrophils, as indicated by double staining for IL-17 and MPO and nuclear morphology (Fig 4) . In addition, we identified a few IL-17 + eosinophils, as indicated by double staining for IL-17 and EPX. Fig 4 shows one representative IHC staining for IL-17 for all 4 studied subgroups (frame A-D) and double staining of IL-17 and MPO (frame E-G) and staining of IL-17 and EPX (frame H-J) from an asthmatic patient with high numbers of neutrophils (frame E-G) or eosinophils (frame H-J).
Discussion
This is the first study comparing cellular IL-17 expression in well characterized atopic and nonatopic asthma patients. We demonstrate that IL-17 was particularly expressed by neutrophils in the airway biopsies, contrasting with the paradigm that lymphocytes (Th17) are the main source of IL-17. Our results show that in patients who do not use ICS, nonatopic asthmatics have more IL-17 expressing cells in the airway wall than atopic asthmatics. In contrast, ICS use was associated with lower numbers of IL-17 expressing cells in both atopic and nonatopic asthmatics. A new finding of our study is that IL-17 expressing cells in bronchial biopsies of asthma patients were predominantly granulocytes and not lymphocytes. We confirmed this by double immunostaining with IL-17 and MPO and by demonstrating a strong positive correlation between IL-17 expressing cells and neutrophils. Although, perhaps surprising, neutrophils have been reported as a source of IL-17 in humans [24, 25] as well as in animal studies [25] [26] [27] [28] [29] . In vitro investigations also showed production of IL-17 by stimulated neutrophils with immune complex [27] . Eosinophils may be another source of IL-17, as suggested by double immunostaining of IL-17 and EPX, and by the significant correlation between IL-17 + cells and eosinophil numbers in atopic asthma patients. Previous findings in the literature are in line with our finding that IL-17 expressing cells in the airways may be granulocytes. Eustace et al showed that IL-17 in bronchial biopsies of COPD patients was expressed by neutrophils, next to mast cells, T cells, and B cells in the subepithelium of the small airways [30] . Molet et al demonstrated in asthma that eosinophils in sputum, brochoalveolar lavage fluid, and peripheral blood express IL-17 [10] . Finally, Tan et al demonstrated in children with cystic fibrosis that neutrophils and γδT cells in the airways produce IL-17, next to Th17 cells [31] . These data together support the reports showing the early sources of IL-17 are the innate immune cells and they have a central role in the initiation of IL-17-dependent immune responses, even before the first CD4 + T cell sees its cognate antigen and initiate the Th17 development program [32] . We found more IL-17 expressing cells in the airway wall of nonatopic than atopic asthmatics, that is those who did not use ICS. It has been suggested that IL-17 may contribute to the pathogenesis of neutrophil-dominant/nonatopic rather than to eosinophil-dominant/ atopic asthma [4] . Presence of fewer eosinophils and more neutrophils in our nonatopic asthmatic subjects and the significant contribution of both cell types to IL-17 + cells in our biopsies support this hypothesis. Interestingly, we found ICS use to be associated with lower IL-17 expression in bronchial biopsies of both atopic and nonatopic asthmatics. This is in line with a bronchial biopsy study in 10 patients with moderate-to-severe asthma (all atopic) demonstrating a significantly reduction in the number of IL-17 + cells in the airways after a 2-week course of oral corticosteroid treatment [8] . Accordingly, IL-17 levels in sputum of 15 mild-moderate and 15 severe asthmatics decreased after one month of ICS treatment [15] . In vitro data are also in line with these findings as corticosteroids could inhibit IL-17 induction of cytokines in epithelial cells and fibroblasts [10] . We have also shown before that corticosteroids inhibit IL-17A-induced IL-8 production of epithelial cells [33] .
Regarding the effect of IL-17 levels on the lung function we found a negative correlation between FEV 1 % predicted and IL-17 levels in the atopic individuals who did not use ICS. In line with our finding, Irvin et al found a negative correlation between FEV 1 % and IL-17 levels in their asthmatic population [20] . Reduced airway patency due to IL-17 mediated airway inflammation may be responsible for this negative association, but also direct sensitization of airway smooth muscle may play a role, as has been suggested in mouse with house-dust miteinduced allergy [34] . Such a direct role of IL-17 in smooth muscle cell contraction is in accordance with findings of a clinical trial demonstrating clinically meaningful effects of anti-IL-17A, especially in a group with high reversibility of FEV 1 in response to albuterol [35] . However, our study seems to contradict these results as we found an inverse relationship between IL-17 expression and reversibility of FEV 1 to albuterol. A direct comparison between the two studies is unfortunately not possible, as Busse et al didn't measure expression of IL-17 levels in their studied population [35] . Clearly, more research is necessary to understand the "high IL-17 phenotype" of asthma and its consequences for personalized medicine.
In our study, IL-17 levels was significantly correlated with neutrophilic inflammation but smoking did not contribute to the expression of IL-17. This supports the previous finding by Doe et al where IL-17A and IL-17F expression in the submucosa of the lung tissue was not associated with smoking status in their asthmatics [9] . However, our finding contrasts with a study in healthy smokers and COPD patients, showing that smokers have more IL-17 expressing cells in the submucosa than nonsmokers [36] . We conclude that atopy and ICS use may associate with a lower expression of IL-17 and that there are contradictory findings regarding the contribution of smoking. One of the limitations of our study is that the scarce biopsy material did not allow further investigating a potential explanation for the effect of ICS on IL-17 + cells. A very recent study shows that IL-17A/IL-4 dual producing cells are important in asthma and may provide a potential explanation for ICS use decreasing IL-17A + cells [20] . Future studies on human biopsy staining are warranted.
Conclusion
In summary, we here show that the IL-17 + cells present in airway wall biopsies of asthmatics are mostly neutrophils and to a smaller extent eosinophils, and not, as the general paradigm assumes lymphocytes (Th17). This is of interest since nonatopic asthmatics who do not use inhaled corticosteroids have higher IL-17 expression in bronchial biopsies than atopic asthmatics, suggesting a potential role of IL-17 in the pathogenesis of nonatopic asthma. ICS use was associated with lower numbers of IL-17 + cells in both atopic and nonatopic asthmatics, suggesting a beneficial effect of ICS in general.
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